Based on both static (extended Köhler) and dynamic modelling, we investigate the influence of temperature, humidity, HNO 3 initial concentration, as well as of the particle concentration, on the efficiency of HNO 3 -mediated laser-induced condensation. This mechanism is most efficient for low temperatures, high HNO 3 concentration, and relative humidities. It is, however, still active up to 30
I. INTRODUCTION
Self-guided filaments [1] [2] [3] [4] generated by ultrashort laser pulses have recently been proposed as candidates to trigger water condensation in the atmosphere, 5 as an alternative to the dispersion of particles such as AgI in the atmosphere. 6 Laser filaments are self-guided light structures of typically 100 μm diameter and up to hundreds of meters in length, extending widely beyond the traditional linear diffraction limit. Their formation stems from an intensity-dependent refractive index modification of the propagation medium, known as the Kerr effect, which is due to third-order nonlinear polarization of the medium. It results in the self-focusing of the beam, until the intensity rises sufficiently for ionizing the air. The self-generated plasma [1] [2] [3] [4] and/or negative higher-order Kerr terms 7, 8 then balance the self-focusing, resulting in the emergence of self-guided filaments.
Due to their typical intensity of 5 × 10 13 W/cm 2 , filaments generate electron concentrations of 10 15 − 10 16 cm −3 , and allow efficient multiphoton photo-oxidation of the air molecules. Such photo-activation of the atmosphere yields extremely high concentrations of ozone and NO 2 gases. They reach up to 10 16 and 3 × 10 15 cm −3 , respectively, leading to HNO 3 concentrations in the ppm-range within the 100 μm thin filament volume. 9 Such extremely high concentration (1000-10 000 times the typical natural atmospheric concentration 10 ) of this hygroscopic molecule, known to contribute to particle stabilization besides H 2 SO 4 in natural conditions, 11 has recently been shown 9, 12 to provide a major ingredient to the laser-induced condensation process at moderate relative humidity (RH) down to 70%, by stabilizing and sustaining the growth of otherwise evaporating particles. 5 Field experiments confirmed this mechanism over a wide range of atmospheric conditions • C, 35%-100% RH), 5 suggesting that it may be quite general in the presence of laser filaments. Here, based on both static modelling relying on the a) Electronic mail: jerome.kasparian@unige.ch.
extended Köhler model, and dynamic modelling of the particle growth, we investigate the influence of temperature, humidity, HNO 3 initial concentration, as well as the particle concentration, on the efficiency of HNO 3 -mediated laser-induced condensation. We show that this mechanism is most efficient for low temperatures, and high HNO 3 concentration and relative humidities, but is still active up to 30
• C, down to 70% relative humidity, and below the ppm level of HNO 3 . Furthermore, temperature appears as the most critical parameter. Finally, lower particle concentration minimizing the depletion of both HNO 3 and water vapor is more favourable to particle growth.
II. METHODS: DESCRIPTION OF THE MODELS

A. Extended Köhler model: Particle stability assessment
The stability of particles under the conditions encountered in laser-induced condensation experiments was investigated based on the extended Köhler theory of Laaksonen et al., 14 which we further adapted to describe the relevant atmospheric conditions. More specifically, we dropped the assumption of a dilute ionic solution which in particular imposes low trace gas concentrations in the atmosphere, as well as conditions close to water vapor saturation. 11 Instead, we considered a situation similar to that of stratospheric aerosols containing concentrated sulphuric acid in an atmosphere rich in gaseous HNO 3 , as treated by Kokkola et al. 15 We checked that in spite of these modifications, our model converges back to the classical one at low HNO 3 concentrations.
The equilibrium of aqueous solution particles with an atmosphere containing a highly soluble trace gas depends on two simultaneous equilibria: H 2 O(g) H 2 O(sol) and HNO 3 (g) HNO 3 (sol), where "(sol)" and "(g)" refer to quantities in the liquid particle and in the gas phase, respectively. This double equilibrium is described by the following equation:
where k B is the Boltzmann constant, D p the particle diameter, and the index i stands for the species H 2 O or HNO 3 . p ∞,i (T , m j ) denotes the partial pressure of species i at a temperature T in the atmosphere, m i its mass in the liquid phase, p sat,i (T , m j ) its partial pressure at saturation over a flat liquid phase of same composition, as defined by the set of masses m j , v i (T p , m j ) denotes its partial molecular volume, and σ (T p , m j ) is the surface tension of the solution for a particle at temperature T p .
The set of Eq. (1), in which the exponential term results from the Kelvin effect, stems from the minimization of the Gibbs energy. Besides water and HNO 3 , we consider that the liquid phase additionally contains a fully dissolved nonvolatile substance, namely NH 4 NO 3 salt, a typical constituent of atmospheric water-soluble aerosol acting as germs for heterogeneous nucleation. This salt is chosen because it is sufficiently common in the troposphere 11, 16 to be considered representative. Thermodynamical data about the the ternary solution of H 2 O, HNO 3 , and NH 4 NO 3 are available from the semi-empirical Extended Aerosol Inorganics Model (E-AIM) of Clegg and co-workers [17] [18] [19] over the whole range of conditions under consideration.
We take into account the depletion of water vapor and HNO 3 from the gas phase due to their condensation into the particles, following Konopka and Vogelsberger, 13 and Laaksonen et al., 14 respectively. This depletion depends on the particle density and size distribution. In this work, we assumed a fixed particle number concentration C p and a monodisperse particle size distribution providing reasonable accuracy. 14 The stability of the particles in given conditions was characterized by constructing the Köhler curves. In that purpose, Eq. (1) is solved while imposing the conservation of the total mass (in both gas liquid phases) of HNO 3 per unit volume of the system. All gases are assumed ideal, and the volume occupied by the liquid particles is neglected. Under these assumptions, the depletion of species i from the gas phase in the presence of a particle number concentration N p of particles per unit volume is expressed as follows:
where p 0 ∞,i denotes the initial vapor pressure in the atmosphere and the M i are the molar masses. In the equilibrium calculations only p ∞,HNO 3 is constrained. For each fixed m H 2 O, the HNO 3 (g) is equilibrated with the particle. The water equilibrium vapor pressure over the resulting particle is then calculated from Eq. (1). Finally, the particle diameter is determined from the total mass and the composition-dependent density.
B. Thermodynamic model for the ternary H 2 O − HNO 3 − NH 4 NO 3 solution
The submodel "model II" of the E-AIM of Clegg and coworkers [17] [18] [19] is used to calculate the physical properties of the ternary watery solution of HNO 3 and NH 4 NO 3 , including the composition-dependent equilibrium vapor pressures over the flat solution and density ρ(T p , m j ) of the solution. The partial molecular volumes of water and HNO 3 in the liquid phase are also obtained from the density estimations provided by the E-AIM model, via the relationship
where N A is the Avogadro number and V p the particle volume.
The latent heat of evaporation q i of each species with respect to flat solutions is obtained from the equilibrium vapour pressures using the Clausius-Clapeyron equation
where p i (T , m j ) is the equilibrium vapor pressure of species i with particles of composition defined by the m j . In this expression, the correction factor for the Kelvin effect is neglected, since it remains below 1% over the whole considered size range.
C. Kinetic simulation: Model for the growth of ternary H 2 O − HNO 3 − NH 4 NO 3 particles driven by binary condensation of water and HNO 3 (g)
In the approximation that the mass fluxes of water and of HNO 3 to the particle are independent from each other, the temporal evolution of the partial condensed masses m i are governed by
In this equation, D i the diffusivity of species i in air and T ∞ is the background temperature. The temperature variation of a particle is coupled to the mass change rates by the latent heat released or consumed, and by heat diffusion according to where c sol is the specific heat capacity of the liquid phase and k air is the thermal conductivity of air. The functions f (Kn, α) are the Fuchs-Sutugin correction factors which account for the fact that the mean free path λ i of gases in air is not negligible as compared to the particle size:
where Kn = 2λ i /D p is the Knudsen number,
andc i is the mean thermal velocity of the vapor molecules in airc
Following the argument of Winkler et al. 21 and Laaksonen et al., 22 the mass and thermal accommodation coefficients are assumed to be α = 1. Furthermore, the values of D i and k air are taken from the literature. 11, 20, 23 Using again the E-AIM Model II [17] [18] [19] for the ternary solution H 2 O − HNO 3 − NH 4 NO 3 , we integrate the coupled time-dependent changes of water and HNO 3 partial masses in the mixed particle liquid phase. Since our model does not describe the particle nucleation phase, the initial diameter is determined to ensure the equilibrium with the considered RH in the absence of HNO 3 .
III. RESULTS
A. Particle stability
Figures 1(a) through 1(c) display the Köhler plots for temperatures and initial background HNO 3 (g) vapor pressures covering the range of the reported experimental results. 5 These curves define, for the considered conditions, the relative humidity ensuring the stability of a particle as a function of its diameter. The addition of HNO 3 (g) vapor drastically affects the shape of the Köhler crves. In particular, the RH required to quasi-activate (in the sense of Ref. 14) particles between 50 nm and 2 μm approximately, decreases strongly. As a consequence, two ranges of stable sizes (corresponding to positive slopes of the Köhler curves) emerge at RH values well below 100%, around 20-30 nm and several micrometers, respectively. This reduction of the RH ensuring quasi-activation of the particles is more pronounced for larger HNO 3 concentrations and low temperatures ( Fig. 1(d) ). While at T = 273 K a concentration of 4 ppm of HNO 3 (g) is sufficient to depress the plateau below 70% RH, this threshold is close to 90% RH at T = 303 K.
Above 2 μm diameter, the Köhler curves steeply rise and progressively converge together between 4 and 10 μm, independent from the initial HNO 3 (g) concentration.
The experimentally unknown diameter of the salt core has a minimal influence on our results. Doubling (Fig. 2(a) ) or quadrupling ( Fig. 2(b) ) its diameter as compared with the conditions of Fig. 1(b) , i.e., increasing the salt concentration by a factor of 8 and 64, respectively, only shifts the first activation barrier to slightly larger diameters and erodes the associated local maximum.
Köhler curves depict the static stability of the particles, and cannot give direct information about the depletion of water vapor. Still, this depletion can be evidenced indirectly on this basis by considering the evolution of the humidity in an atmosphere with initially 99% RH around monodisperse particles of diameter D p that would grow while following the Köhler curve (Fig. 3) . The dashed lines display the corresponding evolution of the RH. It is insensitive to the particle growth below ∼2 μm, for which the condensed mass is negligible as compared to the total water mass. Beyond, the RH is depleted, so that the maximum particle size is defined by the point at which the atmospheric depletion brings the RH down to that required to ensure the particle stability.
B. Particle growth
The above-described particle growth along the Köhler curve is not physical, because the water vapor pressure would be in large excess of its equilibrium value (designated by the Köhler curve) most of the time. Furthermore, even with this approach, the Köhler curves give no kinetic information. Still, kinetic aspects are of key importance for efficient laser-induced condensation, which requires that the particles grow within a reasonable time. As is clearly visible in Fig. 4 , particles grow fast over the wide range of considered conditions. Their size has already increased significantly after only 1 ms. They reach the micrometer-range within 100 ms, and stabilize between 4 μm and 8 μm after less than 10 s. These time constants are much faster than natural processes.
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Figure 4 also illustrates the influence of the initial conditions in the particle growth. For example, for 75% RH and 2 ppm HNO 3 , the initially growing nucleus encounters the first ascending slope of the Köhler curve, left of its maximum. Since the RH is too low to allow the system to overcome the first maximum of the Köhler plot, a stable equilibrium is established at a particle diameter D p ≈ 50 nm.
The dynamics of matter exchange between the atmosphere and the growing particles is illustrated in Fig. 5 . In the early stages of growth, HNO 3 accumulates fast in the particles, where its concentration rises until t ≈ 10 ms. At this point, efficient water uptake from the gas phase begins, resulting in a relative dilution of HNO 3 , hence in a slight decrease of its concentration until the end of the growth. Note that a similar growth sequence is observed in all conditions where particles grow, although the concentrations and time constants depend on the particle environment. (a)
FIG. 4. Growth of the particle diameter for a temperature T = 275 K, an ammonium nitrate aerosol particle of dry diameter D p,dry = 25 nm, and a particle number concentration C p = 1000 cm −3 . (b and c) Semi-logarithmic close-ups displaying the diameter relative to the initial one, (i.e. the relative growth speeds) on the time ranges where (b) HNO 3 (g) and (c) water vapor uptakes dominate the particle growth (see Fig. 5 ).
IV. DISCUSSION
The timescale of the order of a second obtained in the model for the growth to (sub-) micrometer size is compatible with the in situ observations of filament-induced particle formation using the sampling particle counters.
At temperatures close to 0 • C, a few ppm of HNO 3 (g) are sufficient to explain the lowering of the first activation barrier well below 100% RH. The efficiency of this process, however, decreases with increasing temperature, completely vanishing slightly above 30
• C. The proposed mechanism can, therefore, be expected to contribute substantially to laserinduced condensation under all temperature conditions, with more efficiency in cold weather conditions, as was observed in experiments. The temperature also indirectly influences the growth limit for big particle through its impact on the water vapor volume mixing ratio (VMR) for a given RH, via the ClausiusClapeyron equation. Consequently, a higher water VMR allows the growth of larger particles. Similarly, the height of the first activation barrier raises with increasing temperature (Fig. 1(d) ), so that fewer small particles can overcome it and grow up to the second barrier. With less activated particles, the competition between them to consume the water vapor and HNO 3 (g) is less intense, so that each particle will be able to grow to larger sizes, since the available amount of water (and HNO 3 (g)) will be distributed between less particles. This effect also explains the seemingly paradoxical negative correlation of RH with the concentration of large particles observed in experiments. 5 Conversely, the laser-induced particle stabilization depends only weakly on the HNO 3 concentration in the atmosphere. Doubling this concentration appears to offset the Köhler curves by an almost constant amount, suggesting that the corresponding dependence is logarithmic and hence saturates beyond a few ppm. Due to this quite flat dependence, a precise knowledge of the HNO 3 concentration in the filaments or on their dilution influences the model only marginally, which makes it more robust relative to this hardly accessible parameter.
V. CONCLUSION AND OUTLOOK
As a conclusion, we have modelled the laser filamentinduced particle stability and growth, based on the consideration of the extremely high HNO 3 concentrations (in the ppm range) generated within the filaments. This model offers a reasonable agreement with the published experiments 5 regarding both the sizes achieved by the particles and the fast growth speed. This agreement indicates that the stabilization of particles by HNO 3 solvation can explain a substantial part of the laser effect in filament-assisted condensation under a wide range of tempered atmospheric conditions. In this regard, the temperature appears as the most critical parameter, since the laser loses it effect above ∼30
• C. Conversely, the HNO 3 concentration in the air has only a moderate influence on the cut-off size of the Köhler plot.
Finally, we have to keep in mind that our model is simplified, focusing on the role of HNO 3 alone. Quantitatively reproducing the experiments would require to consider polydisperse size distributions, the influence of H 2 SO 4 produced by the laser by oxidizing the background atmospheric SO 2 , 11, [24] [25] [26] or charge-accelerated coagulation of particles of sub-100 nm size, which could explain the fast appearance of micrometer-sized particles per cm 3 of air. Moreover, owing to the fast particle growth predicted by the model, the assumption of a steady state, with constant flux of water vapor, may be questioned.
Furthermore, a full understanding of laser-induced condensation would require to consider not only particle growth, but also their nucleation. Besides H 2 SO 4 and HNO 3 , particle formation may be influenced by the charges released by the filaments, in a process similar to that at play in the Wilson chamber. 27, 28 It is also probably influenced by the availability of mineral or organic condensation nuclei, which may be activated and made hygroscopic [29] [30] [31] by the laser-generated ozone or HNO 3 . 9, 11 Although far beyond the scope of the present work, these physical mechanisms are obviously required to provide a full modelling of laser-assisted condensation. 
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